Rats fed a reduced sulfur amino acid diet (LTD) or a high-taurine diet (HTD) demonstrate a renal adaptive response. The LTD results in hypotaurinuria and enhanced brush border membrane vesicle (BBMV) accumulation of taurine. The HTD causes hypertaurinuria and reduced BBMV uptake. This adaptation may relate to changes in plasma or renal cortex taurine concentration. Rats were fed a normal-taurine diet (NTD), LTD, or HTD for 14 d or they underwent: (a) 3% /3-alanine for the last 8 d of each diet; (b) Feeding 3% glycine did not alter the plasma, renal cortex, or urinary taurine concentrations, or BBMV uptake of taurine. Feeding 3% methionine raised plasma and urinary taurine excretion but renal tissue taurine was unchanged, as was initial BBMV uptake. Hence, nonsulfur-containing a-amino acids did not change /3-amino acid transport.
Introduction
The renal tubular epithelium is able to conserve amino acids during periods of decreased dietary intake. In rats or mice fed a diet containing a reduced content of sulfur amino acids, the renal reabsorption and isolated tubule uptake oftaurine, a sulfurcontaining 3-amino acid, is enhanced (1) (2) (3) . This adaptive response is expressed at the luminal surface, since isolated brush border membrane vesicles (BBMV)' have greater uptake of tau-rine than BBMV from animals fed a diet containing normal amounts of sulfur amino acids (3) (4) (5) . A diet high in taurine results in massive taurinuria and decreased tubule and BBMV uptake (1, 2, 5) . These changes in tubule and BBMV accumulation are associated with a change in the rate of taurine uptake (Vmax) rather than in the affinity of the uptake system for taurine (Kin) after dietary manipulation (1) (2) (3) 5) .
The physiological signal(s) for these adaptive changes are uncertain. Rozen et al. (3) have suggested that the prevailing plasma taurine level may govern the adaptive response, in that high plasma taurine concentrations are associated with hypertaurinuria and reduced BBMV uptake in mice and low plasma levels with hypotaurinuria and higher BBMV uptake. In addition, our group has found that in rats, plasma taurine concentrations correlate with renal cortex taurine content and that renal cortex taurine values correlate with the fractional excretion of taurine (5) . What remains unclear is whether the plasma taurine level or the renal cortex taurine pool size governs this renal adaptive response. We have used the /-amino acid, fl-alanine, which is transported by the same renal transport mechanism, to better understand this adaptation. f3-alanine is known to reduce the taurine content of renal cortex and other tissues without greatly changing plasma levels ofthat amino acid (6) . We have examined the nature of the adaptive response in rats fed 3% f3-alanine in their drinking water in order to gain insight into the mechanism of the renal adaptive response to altered dietary intake of amino acids. As has been shown for the renal adaptive response in dietary phosphate depletion (7) , fasting will blunt the renal adaptive response to altered sulfur amino acid intake (4) . We have further examined this phenomenon by determining the effect of the presence of fi-alanine in the drinking water of these fasted animals.
The reason for this renal adaptive response is not clearly understood. Although whole body taurine content appears to be regulated by the kidney (2, 3, 6, 8, 9) , the effect of alteration in sulfur amino acid dietary intake on the taurine content of other organs suggests that the taurine content of these organs is not greatly altered (6, 10) . To further explore this observation, the taurine concentration in various anatomic segments of the brain was measured after each diet and after 72 h of fasting.
Methods
Animals. Sprague-Dawley rats (King Laboratories, Oregon, IL) were used in all studies. Rats were fed one of three diets-low sulfur-amino acid diet (LTD), normal sulfur-amino acid diet (NTD), or taurine-supplemented diet (HTD)-prepared as described previously (1, 2) . Adult fed 3% glycine in their drinking water for the last 8 d; group C, rats on the NTD fed 3% methionine (wt/vol) in their drinking water for the last 8 d. Group D rats on each of the three diets for 14 d were given flalanine (3% wt/vol) in their drinking water on day 6. After day 14, all solid food was removed, and the rats were fasted, although they continued to receive 3% fl-alanine in their drinking water. Finally, group E consisted of rats fed each diet for 14 d and then fasted for 3 d, drinking only tap water. Rats in all groups drank the ,B-alanine water or the water containing glycine or methionine without demonstrating aversion.
No attempt was made to pair-feed animals, although all animals ingesting the LTD, which contained a reduced cysteine and methionine content, consistently ingested more chow. The addition of fl-alanine or other amino acids did not change this pattern. In addition, animals fed the LTD were 13±4% (SD) smaller, as previously noted (2, 5) .
On the morning of sacrifice, animals were placed in metabolic cages, with access to water only, for 3-6 h. Urine was collected, and its volume was determined so that creatinine and taurine clearance could be determined as described previously (5, 8) . Urine and plasma taurine and creatinine were determined as previously described (2, 8) . From these values, we calculated the fractional excretion of taurine and endogenous creatinine clearance (2, 8) .
Each animal was killed by placement in anhydrous ether and was then decapitated. The head was allowed to fall into liquid N2 and stored at -70'C. The skull was then chipped away, and frozen brain was removed using acid-washed surgical instruments. The brain was divided into cortex, midbrain and pons, and cerebellum. After this separation, a segment of brain was placed in a tared and acid-washed glass homogenizer (Kontes Glass Co., Vineland, NJ). After being weighed, tissue was homogenized in 6% TCA. Protein-free supernates were separated after centrifugation. All brain samples were acid-hydrolyzed to avoid contamination with phosphadyl ethanolamine and phosphadyl serine, which is found in the brain and elutes near taurine in the amino acid analyzer (1 1). Taurine is resistant to this acid hydrolysis step.
Membrane vesicle studies. Renal cortex brush border membrane vesicles were isolated by a modification of the method of Booth and Kenny (5, 12) . The final membrane preparation was suspended in a medium containing 2 mM Tris-HCI (pH 7.4), 10 mM Hepes, 0.1 mM MgSO4, and 288 mOsm mannitol. The final membrane preparation was in a concentration of 8-10 mg protein/ml. Membrane vesicles were used for uptake studies immediately after preparation. Membrane purity was routinely assessed from the enrichment of gamma-glutamyl transferase and 5'-nucleotidase relative to that of the homogenate (13, 14) . Other enzyme markers of other subcellular fractions, including ouabain-inhibitable Na+K-ATPase, malate dehydrogenase, succinyl cytochrome-C reductase, acid phosphatase, N-acetyl-f3-D-glucosaminidase, and DNA were also routinely assessed by previously described methods (5) . The activity ofgamma-glutamyl transferase and activity of 5'-nucleotidase were usually more than 11-fold and eightfold greater, respectively, in the final brush border fraction relative to the starting homogenate; the activity of all other enzymes was reduced relative to the starting homogenate.
Protein concentration was assessed by the Lowry technique (15) after precipitation in 6% trichloroacetic acid.
Uptake of radioactive taurine (3H), fl-alanine (3H), other organic solutes, and 22Na was assessed by a filtration technique (Millipore Corp., Bedford, MA) (16) . In general, 200 ,ug of membrane suspension was preincubated at 25°C for 30 min. Incubation was initiated by adding medium containing known amounts of cold and radiolabeled taurine; usually, 0.5 MCi was added. Incubation media contained either 289 mOsm mannitol, 1 mM MgSO4 and 10 mM Hepes/Tris (pH 7.4), or 100 mM NaCl, 89 mOsm mannitol, I mM MgSO4, and 10 mM Hepes/Tris. After the desired time interval, a 50-1.l aliquot was placed on a prewetted 0.45-um filter (HWAP; Millipore Corp.). The filtered sample was washed twice with 3.0 ml of iced wash solution; this process took 8-12 s. The iced "stop solution" contains 289 mOsm mannitol, 1 mM MgSO4, and 10 mM Hepes/Tris (pH 7.4). Filters were counted in a scintillation counter as described (5) . The nonspecific retention of radiolabel to membranefree samples was -I to 2% of the specific amount found.
In other studies, the accumulation of other organic solutes-D-glucose ('4C) and L-glycine (Gly) (3H)-was measured in BBMV prepared from adult rats on each of the three sulfur-amino acid diets for 14 d.
The medium used to study the accumulation of 22Na consisted of a preincubation medium of 40 mM KCI, 210 mM mannitol, 10 mM Tris Hepes (pH 6.0). The uptake medium consisted of 10 mM Tris Hepes, pH 7.5, 289 mM mannitol, and 1 mM 22NaCI. Membranes were then washed in 150 mM MgSO4, 2 mM Tris Hepes (pH 7.5). Uptake was measured at 3, 7, 15, 60, and 300 s.
All incubations were performed in triplicate, and each experiment was performed on at least four preparations. Uptake values are expressed as picomoles accumulated per mg protein per unit of time. The data at most points represent the mean of at least four determinations, performed in triplicate.
The concentration oftaurine was determined on protein-free filtrates of plasma, urine, or cortex and brain homogenates using an amino acid analyzer (model 210; Beckman Instruments, Inc., Fullerton, CA), as described previously (2, 5 
Results
In vivo studies. As noted in previous studies, both plasma and urine taurine concentrations were related to the type of diet consumed (Table I , and Fig. 1 ). Plasma taurine level was significantly lower in animals fed the LTD as compared with the NTD. Plasma taurine was higher in rats fed the HTD. Rats fed the 3% ,B-alanine water also showed the same pattern of plasma taurine values depending on the underlying diet consumed (Table I), but the values were lower than in the rats given the basic diets alone. However, this difference between control diet and 3% f3-alanine-feeding was insignificant.
Urinary taurine excretion is significantly lower in the animals fed the LTD (P < 0.001) and higher in those fed the HTD (P < 0.001) (Fig. 1) . The urinary excretion of taurine (gmol/mg t Different from NTD, P < 0.05. § Different from value in fasted group on same diet by P < 0.01. 11 Different from value in control on same diet by P < 0.01. The effect of fl-alanine on renal cortex taurine content is shown in Fig. 2 . The taurine concentration in cortex is related to dietary intake ( Fig. 2 A) . Rats on the LTD have the lowest concentration of taurine, while those eating the HTD have the highest. In animals on each of the three diets, the ingestion of /3-alanine results in a reduction in cortex taurine content of 45-62% (P < 0.01 vs. control). By contrast, the feeding of 3% glycine or methionine does not alter cortex taurine content ( Fig. 2 B ), whereas f3-alanine feeding in these studies reduces cortex content by 75% (P < 0.001). Hence, the main effect of fl-alanine given for 8 d is to reduce renal cortex taurine content. In vitro studies. Most kinetic analyses were performed at 60 s, a time period well before the peak ofthe overshoot for taurine at 360 s (5). Although our previous studies have indicated that uptake is linear between 7 s and 4 min (5) , the rate of uptake, as shown in Fig. 3 , is greater at 10 or 15 s than at 60 s. However, an examination of the effect of diet on taurine uptake at 15 s indicates that the Vm., is significantly higher in LTD-fed rat vesicles and significantly lower in HTD-fed vesicles both at 15 and 60 s (Fig. 3) . Thus, regardless of the time interval chosen, the adaptive response is maintained.
f3-alanine appears to inhibit the Na'-dependent accumulation of taurine by BBMV. The influence of f3-alanine (5 mM) on taurine uptake (10 AM) is shown in Fig. 4 Table I for plasma taurine levels, Table III for urinary taurine excretion, Table IV for fractional excretion of taurine, and Table V for renal cortex taurine pool size. Fasting values of plasma and urinary taurine concentration do not show the same degree of alteration after dietary manipulation as noted in control studies. These data come from our previous study (4) . The combination of f3-alanine in the drinking water and fasting also results in a plasma value and urinary taurine excretion value much like those for NTD animals. The values in plasma are generally lower in the two fasted groups, but no significant differences are found in LTD animals. Urinary taurine is higher in LTD-fed/fasted animals and lower in HTDfed/fasted animals than in the controls on each diet. These differences also are reflected in the fractional excretion patterns. The fractional excretion is higher in LTD-fed/fasted animals and lower in HTD-fed/fasted rats. Despite the patterns of excretion noted previously-hypotaurinuria in LTD and hyper- Level of significance between controls and f3-alanine-fed animals on the various diets is indicated. The difference for taurine uptake by BBMV from animals fed each of the diets is highly significant (LTD vs. NTD, P < 0.00 1; HTD vs. LTD, P < 0.00 1) by ANOVA. *P < 0.05; **P < 0.005.
taurinuria in HTD-these differences are far less marked, and all values tend toward those found in NTD animals. The fractional excretion of taurine is slightly, but significantly, higher in rats fed 3% /3-alanine for 8 d than in animals fed j3-alanine and then fasted while on LTD or HTD (Table IV) . However, no differences in fractional excretion after these two dietary manipulations are found in NTD-fed animals.
Tissue taurine values are lower in fasted and f3-alanine-fed/ fasted animals than in conrols (Table V) . For fasted animals, there are 16, 25, and 44% decrements in tissue taurine for LTD, NTD, and HTD animals, respectively. Fasting plus f3-alanine water results in 41, 40, and 45% decrements in the same groups, respectively. This decline in tissue taurine content is significantly reduced in the f,-alanine-fed/fasted group on each diet and in the HTD-fasted rats. Thus, although plasma taurine values do not fall significantly vs. comparable control values, the tissue level does fall significantly. The uptake of 25 tM taurine by BBMV prepared from fasted and f3-alanine-fed/fasted animals is shown in Table VI and Fig.  6 . The 60-s uptake of BBMV from LTD-and NTD-fasted rats is significantly higher than in controls (P < 0.001) but not dif- We attempted to define a relationship between the change in renal cortex taurine concentration (as compared with NTDcontrol) and the change in BBMV uptake under each experimental situation (as compared with NTD-control), or, in effect, the change in tissue taurine as compared with the change in BBMV initial taurine uptake. An inverse relationship was defined: y =-1.005x + 2.14, r = 0.547, P < 0.01. We also examined the relationship between the change in plasma taurine as compared with NTD-control values and the change in BBMV taurine uptake. Another inverse relationship was defined: y =-0.7534x + 1.87, r = 0.788, P < 0.001. Finally, we explored the relationship between the change in fractional excretion of taurine and the change in BBMV uptake. An inverse relationship again was found: y =-0.097x + 1.52, r = -0.458, not significant.
According to these findings, the increased accumulation of taurine by BBMV is correlated to the decline in tissue taurine content and to the change in the plasma taurine level but not to the fractional excretion of taurine.
Other amino acids. The effect of methionine and glycine feeding is shown in Tables I, III , and IV, and Fig. 7 . Plasma taurine levels are significantly higher in rats on the NTD that are fed the 3% methionine diet (618±52 vs. 367±50 ,mol/liter, P < 0.01); the urinary excretion oftaurine is also higher in these rats (28.7±9.2 vs. 8.3±2.40 ,mol/mg creatinine, P < 0.05). No change is found in the fractional excretion of taurine (Table IV) or in the renal cortex concentration of taurine after methionine feeding (Fig. 2) . Glycine feeding does not alter the concentration of taurine in plasma, urine, or renal cortex or the fractional excretion of taurine.
Neither methionine nor glycine changes the time course of taurine uptake by BBMV prepared from animals fed the NTD (Fig. 7) .
The uptake of glycine by BBMV prepared from animals on each of the three diets also was examined (Fig. 8) . Glycine uptake over time is similar in BBMV from animals fed the LTD and NTD, and is slightly, but significantly, reduced in BBMV from HTD-fed animals. These differences are significant at 60 s and later (P < 0.01). D-glucose uptake by BBMV from animals on each of the three diets was not altered (data not shown). Again, D-glucose uptake by BBMV is lowest in the HTD-fed group, but this difference is not significant.
Adaptation at high taurine levels. The effects of high concentrations of taurine on taurine accumulation are shown in Fig. 9 . Also indicated is the influence of dietary change on taurine uptake. From this Eadie-Hofstee plot, it is evident that the low Kn, high affinity site is influenced by diet and that high Km uptake is unaltered by diet. It is also apparent that the uptake of taurine at high concentrations in the absence of Na is different than at low taurine concentrations. When taurine accumulation is examined at 15 s, the Na'-independent uptake of taurine is fl-Alanine Augments Renal Taurine Reabsorption 2217 7.5% of Na'-dependent uptake at 10 gM, while at 5.0 mM, Na+-drinking water of the rats for the final 8 d of diet, blocks the independent uptake is 67.9% of Na+-dependent uptake, P uptake of taurine by renal cortex, since it is a competitive in-< 0.0001. An Eadie-Hofstee plot of 15-s uptake data shows that hibitor at the renal fl-amino acid transport site. fl-alanine will the upright limb (seen in Fig. 9 ) over the range 0.75 to 10.0 mM lower renal cortex taurine levels (6) as well as reduce the active taurine and performed in the absence of Na+ is parallel to the accumulation of taurine by BBMV. However, in these animals line in the presence of Na+, which indicates that uptake in the fed the fl-alanine in their drinking water, which lowers cortex absence of Na' probably represents diffusion (not shown). These taurine levels, the uptake of taurine by BBMV is actually greater. data strongly suggest that adaptation to dietary alteration is not This paradox-greater accumulation of taurine by vesicles after evident for Na+-independent taurine uptake. chronic f3-alanine feeding than in controls on each ofthe dietsBrain taurine content. Although taurine concentration in requires explanation. fl-alanine may deplete tissue taurine conrenal cortex changed in relation to the dietary intake of sulfur tent by acutely decreasing taurine uptake or by augmenting tauamino acids and fasting, the concentration of taurine in brain rine efflux (an effect not examined in this study). With the 45-did not change (Table VII) . Neither the HTD nor the LTD al-75% change in renal cortex taurine pool size, the uptake of tautered the taurine concentration of brain cortex, midbrain and rine is actually increased in the in vitro BBMV studies. pons, or cerebellum. Fasting for 72 h also did not change the Fasting or fasting with continued f3-alanine in the drinking brain content of taurine. Hence, maneuvers that alter renal tissue water also lowers cortex taurine content and enhances initial and plasma taurine content as well as BBMV uptake do not taurine uptake by BBMV. These manipulations result in higher alter the content of taurine in three separate brain segments.
accumulation by vesicles in all three groups either fasted alone or in fl-alanine-fed and fasted animals. Thus, the change in tissue Discussion taurine content continues to correlate with the change in BBMV uptake, but not with changes in the fractional excretion of tauUsing a variety of manipulations, we were able to reduce cortex rine, being higher than control in initially LTD-fed and lower taurine content in animals fed low, normal, or high sulfur-amino in initially HTD-fed animals. acid diets. These manipulations resulted in greater accumulation Rozen et al. (3) and our previous study (5) indicated that of taurine by brush border membrane vesicles isolated from anthe plasma taurine level inversely correlated with the change in imals on each of the altered diets. First, fl-alanine, given in the BBMV uptake in animals fed the low and high sulfur-amino Feeding of 3% glycine or methionine does not alter either renal cortex taurine pool size or change the accumulation of taurine. Methionine feeding increases plasma taurine levels, probably because methionine is a precursor of taurine synthesis (10, 18) . This increased plasma level is reflected by an augmented urinary excretory pattern, although the fractional excretion of taurine, while higher, is not significantly higher. Moreover, the increase in plasma taurine associated with feeding a precursor oftaurine is not associated with any alteration in BBMV uptake. At a plasma taurine level comparable to that found in rats fed the HTD, BBMV uptake by rats fed 3% methionine does not show the reduction in uptake found in BBMV from HTD rats. Under this circumstance, the plasma taurine level does not appear to govern BBMV transport, and the adaptive response does not occur.
Glycine feeding does not alter the renal reabsorption of Time (min) Figure 7 . Taurine (10 BBMV uptake of taurine. Similarly, glycine uptake by BBMV is not altered by changing the dietary intake of sulfur amino acids. Accordingly, the effect of dietary change in amino acid intake on taurine reabsorption and uptake is dependent on changes in the intake of the 13-amino acids taurine and fl-alanine, or a precursor a-amino acid, methionine, rather than on changes in a-amino acid intake. Likewise, changes in 13-amino acid uptake do not alter a-amino acid accumulation as would be predicted from the studies ofother laboratories concerning the group specificity of renal amino acid transport (19) (20) (21) (22) (23) . The effect of changes in dietary a-amino acid intake was recently examined by Grosvenor and Zeman (24) , who studied the transport of aaminoisobutyrate (a-AIB) and glycine in tubules from fetal rats whose mothers were fed a protein-restricted diet (4% vs. 24% protein). The uptake of a-AIB over its time course of uptake was significantly higher in protein-restricted rat pup kidneys, as was the uptake ofglycine at 15 min (initial rate uptake). However, since a 4% casein diet would also severely limit methionine and taurine intake (18, 25) , it is unfortunate that taurine accumulation was not also examined.
Despite the changes in plasma, renal cortex, and urinary taurine concentrations brought about by changes in the intake of sulfur amino acids, fasting and fl-alanine feeding, the brain taurine concentration is unchanged. During periods of undernutrition, renal conservation of taurine is evident, expressed at the brush border surface, and brain taurine content remains constant. With dietary sufficiency, excess taurine is excreted and brush border uptake is reduced, yet brain taurine is unaltered.
Thus, this study provides evidence that the renal adaptive response to alterations in the intake of sulfur amino acids may serve the role of maintaining the availability oftaurine, a known neurotransmitter, in proximity to excitable membranes (26, 27). This study also provides evidence that the renal adaptive response to altered dietary intake of sulfur amino acids, which is expressed at the renal brush border surface, relates in part to changes in the content of taurine in the renal cortex. These changes in uptake occur despite varying changes in the fractional excretion of taurine and without any significant alteration in plasma taurine levels. Indeed, the feeding of 3% methionine in conjunction with the NTD results in a higher plasma taurine level but no change in renal cortex taurine content or BBMV uptake, thus providing further evidence of the role of renal tissue taurine content on the adaptive response. The constancy of brain taurine values suggests that the kidney is the site of the regulation of body stores of this neurotransmitter. However, the manner in which the changes in tubule cell taurine content are expressed as changes in the membrane transport sites for taurine is unknown and awaits further investigation.
